Wheat dwarf virus (WDV), a mastrevirus transmitted by the leafhopper Psammotettix alienus, causes a severe disease in cereal crops. Typical symptoms of wheat plants infected by WDV are yellowing and severe dwarfing. In this present study, RNA-Seq was used to perform gene expression analysis in wheat plants in response to WDV infection. Comparative transcriptome analysis indicated that a total of 1042 differentially expressed genes (DEGs) were identified in the comparison between mock and WDV-inoculated wheat plants. Genomes ontology (GO) annotation revealed a number of DEGs associated with different biological processes, such as phytohormone metabolism, photosynthesis, DNA metabolic process, response to biotic stimulus and defense response. Among these, DEGs involved in phytohormone and photosynthesis metabolism and response pathways were further enriched and analyzed, which indicated that hormone biosynthesis, signaling and chloroplast photosynthesis-related genes might play an important role in symptom development after WDV infection. These results illustrate the dynamic nature of the wheat-WDV interaction at the transcriptome level and confirm that symptom development is a complex process, providing a solid foundation to elucidate the pathogenesis of WDV.
Background
Wheat dwarf disease (WDD) causes serious yield losses in cereal crops including wheat and barley worldwide, particularly in Europe and Asia (Vacke 1961; Lindsten and Lindste 1999; Najar et al. 2000; Xie et al. 2007 ). Yield losses may reach up to 100% and have been reported to occur due to severe infections in winter cereals (wheat/ barley) in some regions of Germany, Hungary, Czech Republic and China (Bisztray et al. 1989; Commandeur and Huth 1999; Kundu et al. 2009; Liu et al. 2012) . Symptoms of WDD typically include extremely dwarfed plant height, yellowing or streaking on leaves, and even failure of heading (Lindblad and Sigvald 2004) . WDD is caused by the wheat dwarf virus (WDV), which is transmitted in a persistent manner by the leafhopper Psammotettix alienus (Vacke 1961; Wang et al. 2019a) . WDV belongs to the genus Mastrevirus in the family Geminiviridae and its genome comprises of a monopartite, single-stranded (ss), circular DNA (Gutierrez 1999) . The genome of WDV encodes four proteins: the capsid protein (CP) and the movement protein (MP) on the viral-sense strand and two replication associated proteins (Rep and RepA) on the complementary-sense strand (Gutierrez 1999) . The Rep protein, a RNA silencing suppressor, also has been demonstrated to be involved in pathogenicity . However, the molecular mechanisms (pathways) occurring during WDV-wheat interactions that result in symptom development are still unknown.
Phytohormones are involved in all plant growth and developmental processes. They also play an important role in plant defense response to invading microbial pathogens (Berens et al. 2017) . Traditionally, plant hormones include auxin (AUX), gibberellins (GAs), cytokinins (CKs), abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), salicylic acid (SA), and brassinosteroids (BRs) (Weyers and Paterson 2001) . Among these, eight signaling molecules (AUX, ABA, CKs, ET, GAs, SA, JA and BRs) are reported to play key roles in mediating disease resistance (Koornneef and Pieterse 2008; De Vleesschauwer et al. 2014) . Plant hormone-regulated systems are also involved in the defense against viral infections (Sanchez et al. 2010; Alazem and Lin 2015) . The complex interactions between plants and viruses often lead to the appearance of symptoms such as stunting of growth, yellowing and mottling on leaves (Fraser and Whenham 1982) . To some extent, symptoms caused by a viral infection may be simplistically attributed to the change in quantity of a certain plant hormone, and can be mimicked by application or removal of this plant hormone (Jameson and Clarke 2002) . For example, rice plants infected with rice dwarf virus (RDV) exhibit a dwarf phenotype, which correlates to reduced levels of GA 1 . However, these defects were rescued by exogenous application of GA 3 (Zhu et al. 2005 ). Furthermore, the BR pathway is associated with susceptibility whereas the JA pathway is involved in resistance to rice black-streaked dwarf virus (RBSDV) (He et al. 2017) .
Photosynthesis is another biological activity that seems to be repressed during plant virus infection (Adolph and Haselkorn 1972) . Some viral infections have an impact on the host's photosynthesis, which can be associated with viral symptoms of leaf chlorosis and mosaic (Guo et al. 2005; Funayama-Noguchi and Terashima 2006; Song et al. 2009 ). For example, molecular studies in Nicotiana benthamiana plants infected with pepper mild mottle virus (PMMoV) revealed that several proteins involved in both the photosynthetic electron-transport chain and the Benson-Calvin cycle are down-regulated during viral infection (Pineda et al. 2010) . Similarly, proteomic analyses of maize (Zea mays) seedlings in response to sugarcane mosaic virus (SCMV) infection revealed that most of the photosynthesis-related proteins were down-regulated with the exception of the RuBisCO large subunit and the ferredoxin-NADP reductase and its isoforms (Wu et al. 2013) . Moreover, it is suggested that chloroplast photosynthesis-related genes/proteins (CPRGs/CPRPs) play important roles during the complex interaction between plant and virus (Zhao et al. 2016) . Thus, the disruption of chloroplast structure and function may be a key element in the production of chlorosis symptoms (Balachandran et al. 1997; Manfre et al. 2011) . Indeed, increasing evidence suggests that the chloroplasts are a common target of plant viruses and are involved in viral symptom development (Díaz-Vivancos et al. 2008; Lu et al. 2012) .
Recently, next-generation deep sequencing-based transcriptomics has been used for studying comprehensive changes in host gene expression during plant-virus interactions (Jia et al. 2012; Allie et al. 2014; Zhou et al. 2016) . Furthermore, transcriptomics has also been applied to identify the specific metabolic changes that are associated with symptom expression, which correspond to pathological and physiological changes in the host plants (Hanssen et al. 2011; Rizza et al. 2012; Mochizuki et al. 2014) . In this study, we analyzed the transcriptome of wheat plants infected by WDV through mRNA expression by RNA-Seq. The results provide further insights into the molecular mechanisms of WDV pathogenesis during plant-virus interactions.
Results

Sequencing and de novo assembly of transcriptome
To obtain a global view of the transcriptome changes of the wheat plants in response to WDV infection, the expression profiles of WDV-infected wheat (W20-1, W20-2 and W20-3) were compared to mock-inoculated control plants (CK-1, CK-2 and CK-3) by high-throughput sequencing. 590, 920 to 53, 178, 180 and 54, 167, 714 to 60, 571 ,914 raw reads for the WDV-infected plant group (WH20-1, W20-2 and W20-3) and the control group (CK-1, CK-2 and CK-3), respectively. After the low-quality reads and adapter sequences were removed, the clean reads were ranged from 43,435,900 to 50,447, 680 for W20 group, and 51,188,492 to 56,991,586 for CK group (Table 1) . 
Identification of differentially expressed genes (DEGs) in wheat plants responding to WDV
Gene mapping rate was between 92.92% and 95.28% (Table 1) . Differentially expressed genes responding to WDV infection were identified by comparing the W20 group to the CK group using DESeq2. Padj < 0.05 was used as the threshold to screen the DEGs. Finally, 1042 genes of the W20 group were differentially expressed. Among these genes, 465 (44.6%) were up-regulated, whereas 577 (55.4%) were down-regulated.
Functional annotation and classification
GO assignment was performed to classify the gene function of unigenes. Both up-regulated and down-regulated DEGs can be categorized into three main categories: biological process, cellular component and molecular function ( Fig. 1 ). For down-regulated DEGs, in each of the three main categories of the GO classification, 'cell redox homeostasis', 'oxidoreductase activity, acting on a sulfur group of donors' and 'chloroplast part' were the significantly enriched terms; while for up-regulated DEGs, the most significantly enriched terms were 'nucleic acid metabolic process', 'nucleic acid binding transcription factor activity' and 'mismatch repair complex'. We also noticed a high-percentage of genes from terms involved in 'singleorganism process', 'plastid' and 'catalytic activity'. To further understand the biological processes in which these DEGs are involved, KEGG database was used to analyze the pathway annotation of unigenes. The DEGs which had a KO ID could be categorized into pathway items. Among these, the top 20 pathways were significantly enriched with the standard p-value < 0.05 for down-and up-regulated DEGs (Fig. 2) . The three most significantly enriched pathway items were 'carbon fixation in photosynthetic organisms', followed by 'glyoxylate and dicarboxylate metabolism' and 'vitamin B6 metabolism' for down-regulated; while 'mismatch repair', 'thiamine metabolism' and 'arachidonic acid metabolism' for up-regulated DEGs.
Expression of phytohormone-related genes in wheat plants in response to WDV infection
To investigate the involvement of phytohormone in wheat plants in response to WDV infection, we analyzed the gene expression profiling involved in pathways of biosynthesis and response of AUX, GAs, CKs, ABA, ET, and BRs. As shown in Fig. 3a , the related genes were mainly involved in categories corresponding to auxin response (GO:0009733), gibberellin biosynthetic process (GO: 0009686), gibberellin metabolic process (GO:0009685), abscisic acid response (GO:0009737), cytokinin response (GO:0009735), ethylene response (GO:0009723), cellular response to ethylene stimulus (GO:0071369) and hormone response (GO:0009725). The main genes involved in biosynthesis and signaling transduction are listed in Table 2 . Three genes, encoding auxin-induced protein 15A (SAUR), involved in the AUX signaling pathway, were consistently down-regulated. In the BRs mediated signaling pathway, the gene related with probable serine/ threonine-protein kinase BSK3 (BSK) was decreased, while the gene encoding probable BRI1 kinase inhibitor 1 (BKI1) was increased. Meanwhile, the gene encoding steroid 5-alpha-reductase DET2 (Det2) involved in BRs biosynthesis, was down-regulated. The genes associated with probable protein phosphatase 2C 25 (PP2C) were induced in the ABA signaling pathway. The expression of genes encoding two-component response regulator ORR22 (B-ARR) involved in cytokinin-activated signaling pathway were up-regulated. However, genes related with two-component response regulator ORR4 (A-ARR) were down-regulated. Expression of the gene encoding protein ETHYLENE-INSENSITIVE 2 (EIN2) was decreased in ethylene-activated signaling pathway. In summary, most of the genes involved in signaling and biosynthesis pathways of AUX and BRs showed down-regulated expression, while genes involved in ABA, ET and CKs signaling pathways had up-regulated expression trends.
Expression of genes involved in photosynthesis and chlorophyll metabolism
Previous studies revealed that virus infection can modify photosynthesis, and disturb chloroplast components and functions (Kyselakova et al. 2011; Manfre et al. 2011; Krenz et al. 2012) . To elucidate the effect of WDV infection on chloroplast, we analyzed the expression pattern of the DEGs related to photosynthesis and chloroplast. As shown in Fig.  3b , the related DEGs were mainly involved in categories corresponding to chloroplast (GO:0009507), chloroplast part (GO:0044434), thylakoid (GO:0009579), chloroplast stroma (GO:0009570) and chloroplast thylakoid (GO:0009534). The main genes involved in the carbon fixation in photosynthetic organisms, photosynthesis, photosynthesis-antenna proteins and porphyrin and chlorophyll metabolism are listed in Table 3 . Thirty eight genes, encoding ribulose bisphosphate carboxylase small chain (RBCS), probable ribose-5phosphate isomerase 3 (RPI3), glyceraldehyde-3-phosphate dehydrogenase B (GAPDH), fructose-bisphosphate aldolase (FBA), fructose-1,6-bisphosphatas (FBP), phosphoglycerate kinase (PGK) and sedoheptulose-1,7-bisphosphatase (SPBase), involved in the carbon fixation in photosynthetic organisms, were down-regulated consistently. The DEGs in photosynthesis were also observed to be down-regulated consistently, including the genes encoding photosystem II repair protein PSB27-H1 (Psb27), ferredoxin (PetF), photosystem II 22 kDa protein (PsbS), oxygen-evolving enhancer protein 2 (PsbP), photosynthetic NDH subunit of lumenal location 3 (PsbQ) and photosystem II reaction center PSB28 protein (Psb28). In the photosynthesis-antenna proteins, the genes encoding photosystem I chlorophyll a/b-binding protein 6 (Lhca2), chlorophyll a-b binding protein of LHCII type III (Lhcb3), chlorophyll a-b binding protein CP24 (Lhcb6) and the putative chlorophyll (ide) b reductase NYC1 (NYC1) were consistently and greatly decreased. Expression of the gene encoding protein glutamyl-tRNA reductase 2 (HEMA2) was down-regulated in porphyrin and chlorophyll metabolism.
Validation of transcriptomics data by RT-qPCR
To quantify the transcriptome data, 10 DEGs were selected for RT-qPCR, including 4 up-regulated DEGs, [PP2Cc (ABA Pathway), BKI1 (BR Pathway), Rboh and RPM1 (plant-pathogen interaction)], and 6 down-regulated genes, [SAUR (AUX Pathway), RR5 (CK Pathway) and rbcS, FBA11, SBPase and RPI2 (carbon fixation in photosynthetic organisms)] (Fig. 4) .
The RNA samples from mock and WDV-infected plants for RNA-seq were also used for RT-qPCR. The trends in transcriptional variation by RT-qPCR for all selected genes were consistent with those of RNA-Seq, indicating that RNA-Seq is a reliable method to identify and select the differentially expressed genes in wheat in response to WDV infection.
Discussion
This study is, to our knowledge, the first large scale transcriptome RNA-Seq analysis of wheat upon WDV infection. It is also the first report on the changes of photosynthesis and phytohormone metabolism and signaling pathways in wheat responding to WDV infection.
Metabolic and signaling pathway of phytohormone may account for symptom formation
Changes in hormone metabolism and signaling are usually related with symptoms caused by virus infection and may lead to the hormone imbalance (Luis et al. 2019) .
As a result of this imbalance, plant height decreases and tiller number increases in WDV infected wheat plants.
The majority of plant hormones are small and relatively simple molecules which are produced by specific organs and subsequently conveyed to target tissues to elicit a certain physiological response (Davies 1995) . Thus, we analyzed the phytohormone-related DEGs following the pathway for each hormone.
AUX pathway
The term "auxin" originating from the Greek word "auxein" means "to grow". A study revealed that RDV can reprogram a key step in auxin signaling cascades, resulting in enhanced viral infection and symptom development (Jin et al. 2016 (Li et al. 2015) in Arabidopsis. Our results suggested that reduced levels of SAUR in infected wheat plants may disturb plant growth processes, contributing to the stunting symptom development. Furthermore, excess tillering may be regulated through a very complex interplay among several hormones, including AUX and CKs.
CKs pathway
Previous study showed that cytokinins-deficient plants develop stunted shoots with smaller apical meristems, but the overproduction of cytokinins result in decreased susceptibility to virus infection (Werner et al. 2001; Pogany et al. 2004 ). In addition, biologically active cytokinin free bases and ribosides tend to become the inactive 9-glucosides after virus infection (Dermastia et al. 1995; Suttle and Mornet 2005) . Interestingly, we found that the expression of genes related with B-ARR and A-ARR were up-regulated and down-regulated, respectively. Mutations in B-ARR, key regulators of primary cytokinin response genes, result in reduced shoot regeneration (Ishida et al. 2008) . By contrast, overexpressing A-ARR encoding negative regulators of cytokinin signaling inhibits shoot formation (Buechel et al. 2010 ). Thus, we speculate that the infection of WDV may result in the imbalance of CKs leading to an abnormal plant growth.
BRs pathways
Brassinosteroids, another class of growth-promoting regulator, regulate many aspects of plant growth and development including cell expansion and elongation (in association with auxin), and vascular differentiation (Li and Chory 1997) . The necessity of brassinosteroids in plant growth and development was proved by identification of many BR-deficient dwarf mutants and subsequent BRs treating experiments (Altmann 1998a, b; Altmann 1999; Bishop and Yokota 2001) . The brassinosteroid-signaling kinases (BSKs) are critical in BRs signal transduction (Li et al. 2019) . BSK3 is the only BSK member involved in BR-mediated plant root growth (Ren et al. 2019) . Moreover, Det2 (which encodes a steroid 5α-reductase that catalyzes the formation of campestanol with campesterol as substrates) is also involved in BRs (Lv et al. 2018) . BRI1 kinase inhibitor1 (BKI1) negatively regulates BRI1 by preventing BRI1 from combining with BRI1-associated kinase (BAK1) to form an active receptor complex in the BRs signaling pathway (Jiang et al. 2015) . The decreased expression of DEGs encoding BSK3 and Det2, and increased BKI1 in our study suggested that WDV infection may impair BRs biosynthesis and signaling pathway in wheat plant, and subsequently block its normal response to BRs.
Other pathways
Other phytohormones (e.g., ET and ABA) are also involved in the growth and development of plants. ET plays an active roles in disease resistance, but ABA acts as a negative regulator of disease resistance ( Disordered photosynthesis is another factor responsible for symptom formation
The virus adjusts multiplex processes, including sugar effluence, carbon distribution and phloem conveyance of metabolites inside the host cells (Balachandran et al. 1995; Olesinski et al. 1995; Chen et al. 2010) . In our study, the expression levels of DEGs encoding RBCS, RPI3, GAPDH, FBA, FBP, PGK and SPBase in the pathway of carbon fixation, PetF, Psb27, PsbS, PsbP, PsbQ and Psb28 in photosynthesis and HEMA2 in porphyrin and chlorophyll metabolism were all down-regulated after WDV infection. Thus, since chlorophyll is a key compound in green plants, this could explain, to some extent, the reason of yellowing induced due to WDV infection. Regarding the pathway of the photosynthesisantenna proteins, four genes (encoding Lhca2, Lhcb3, Lhcb6 and NYC1) were down-regulated. These findings indicate that WDV infection may lead to decreased photoelectron capture and photosynthetic ability in wheat leaves after infection. Consequently, this might affect the enzymes involved in photosynthesis, alerting the structure and function of chloroplast during WDV infection. Thus, the up-regulation and down-regulation of the genes mentioned above caused by WDV infection might be the key elements contributing to the yellowing symptoms development observed in infected plants.
Conclusions
Based on the current studies, it is clear that WDV infection intensively impacts many aspects of the physiology of wheat plants, including metabolism and signaling of phytohormone and photosynthetic capacity. We highlight the link between metabolic and signaling pathway related to phytohormones and photosynthesis in wheat and symptoms development upon WDV infection. Our results suggest that WDV infection may have significant effect on signaling and biosynthesis of AUX, CKs, BRs and ET, and meanwhile contribute to symptom 
Methods
Virus, insect vector, plant materials and inoculation process
An isolate of WDV (wheat strain) collected from Hancheng, Shaanxi in 2015 (accession number: JQ647498.1) was used in this study. Viruliferous and healthy leafhoppers (P. alienus) were reared separately on wheat plants (cv. Yangmai 12) using insect-proof containment chambers at a temperature of 22°C and a photoperiod of 16/ 8 h (day/night) (Wang et al. 2019b) . A highly susceptible wheat cultivar, Yangmai 12 was used for the experiment. The wheat plants were grown in pots that were kept in an illumination incubator at 22°C with a 16 h photoperiod. For WDV inoculation, leafhoppers were fed on WDV infected plant for 4 days and then separately transferred to healthy seedlings at the single-leaf stage (3 insects per plant). The treatment with healthy leafhopper was used as negative control. All the leafhoppers were removed at 4 days post-inoculation (dpi). At 20 dpi, WDV-infected samples with typical dwarfing and yellowing symptoms (named W20-1, W20-2 and W20-3) and mock-treated samples (named CK-1, CK-2 and CK-3) were harvested (Fig. 5) . Systemic viral infection was subsequently determined by PCR analysis as described previously ).
Preparation of libraries for RNA-Seq
To minimize the bias of random changes from a single sample, wheat top leaves were sampled from three independent treatments and then total RNA of W20-1, W20-2, W20-3 and CK-1, CK-2, CK-3 were pooled equally for further experiments, respectively. Total RNA from top leaves was isolated using Trizol reagent (Invitrogen, USA) according to the manufacturer's instructions. Agilent 2100 Bioanalyzer (plant RNA Nano Chip, Agilent, USA) was used to determine the quality and concentration of RNA. The library construction and sequencing via Illumina HiSeq™ 2000 were performed at the Novogene (Novogene Bioinformatics Technology Co. Ltd., Beijing, China), and approximately 100 bp paired-end (PE) raw reads were generated.
Data filtering, de novo assembly
Raw reads were produced via a series of processes, along with dirty reads which would negatively affect subsequent bioinformatics analysis. After filtering of adaptor sequences and low quality reads (the rate of reads with quality value < = 3 is more than 50% or the percentage of unknown sequences 'N' is more than 3%), the cleaned reads were assembled into unigenes by Trinity (Grabherr et al. 2011) . Longer fragments and contigs were formed via a certain length of overlap (250-300 bp). The contigs which cannot be extended on both ends were defined as unigenes. The method of DESeq2 (Anders and Huber 2010) was used to screen genes which were differentially expressed between the treatment group of mock and WDV-inoculated plants.
Gene annotation and gene ontology (GO) enrichment analysis
Although the sketch of common wheat genome is nearly completed, the functions of a large number of wheat genes are still unknown owing to the hugeness and complexity of its genome. Functional unigene annotation was mainly proceeded under the reference of model plant: Brachypodium distachyon. All the DEGs were firstly blasted to B. distachyon database by HISAT2, retrieving genes with the highest sequence similarity with the DEGs. To classify the gene function of unigenes, gene ontology (GO) enrichment analysis was performed. All DEGs were firstly mapped to GO terms in the database (http://www.geneontology.org) and then the GO enrichment analysis was carried out by Fisher test with Bonferroni correction. Taking corrected p-value < 0.01 as a threshold, GO terms fulfilling this condition were defined as significantly enriched GO terms in DEGs.
Pathway analysis for DEGs
KEGG (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa and Goto 2000) was used to analyze the complex biological process of DEGs. We firstly obtained all the pathway items in which all the DEGs are involved, and then calculated the p-value using Fisher test based on hypergeometric distribution to screen the significantly enriched pathway items, taking corrected p-value < 0.05 as threshold.
Validation by reverse transcription quantitative PCR (RT-qPCR)
Expression level of all the selected genes was assayed by SYBR Green RT-qPCR. We extracted RNA from both infected and healthy wheat samples and then used 1 μg RNA of each sample to synthesize cDNA by reverse transcription using TRUEscript 1st Strand cDNA Synthesis Kit (Aidlab). RT-qPCR was performed using the TransStart® Green qPCR SuperMix (Transgen) with the ABI 7500 Real Time PCR system (Applied Biosystems). The PCR reactions were subjected to an initial denaturation step of 94°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. The β-tubulin gene (accession: U76896) was used as an internal control for studying the expression level of target genes. Relative gene expression levels were analyzed with 2 -ΔΔCT method (Livak and Schmittgen 2001) . All reactions were performed in three technical and biological replicates. The primers for reference and target genes were designed respectively according to wheat sequences from GenBank and the unigene sequences. The detailed information of primers showed in Additional file 1: Table S1 . 
